INTRODUCTION
According to previous research (Sun et al. 2004 , Seo & Lee 2011 , Bai et al. 2016 , diets containing 16−21% protein and little fiber are beneficial for the growth of A. japonicus. Like many animals, sea cucumbers prefer food with higher nutritional value. During A. japonicus culture practice, farmers are often confronted with the problem of having to select among various diet ingredients. Thus, research into the feeding preference of A. japonicus fed different diet ingredients is essential for developing nutritionally and economically optimum diets.
Two main approaches can be adopted to evaluate and compare the feeding preferences of aquatic animals for different ingredients. The traditional approach has been to determine food budget parameters, such as ingestion rate, apparent digestibility ratio, food conversion efficiency, and specific growth rate , Chen et al. 2011 , Orozco et al. 2014 , Güroy et al. 2013 . These parameters may quantitatively reflect the feeding preferences of aquatic animals from different aspects. For instance, the ingestion rate and apparent digestibility ratio focus on the food intake process; the specific growth rate measures growth performance; and the food conversion efficiency reflects both ingestion and growth processes. Over recent de cades, stable isotope analysis (SIA) has increasingly been adopted to evaluate the relative contributions of several components in a mixture for ecological and geochemical research, such as assessing the contribution ratios of different food sources to various consumers (Vogel & Van Der Merwe 1977 , Boutton et al. 1978 , Kelly 2000 , Phillips & Koch 2002 , Newsome et al. 2011 , Li et al. 2013 . Similar studies have been conducted on A. japonicus, in which 2 ingredients were usually mixed together, and the relative contributions of these ingredients to experimental animals were regarded to represent the feeding preferences of sea cucumbers (Gao et al. 2011 , Sun et al. 2012 , 2013 , Yokoyama 2013 , Xia et al. 2015 , Yu et al. 2015 . Because the factors influencing SIA results involve both ingestion and growth processes, the comparison between SIA results and food conversion efficiency should be particularly interesting.
Either of these 2 aforementioned approaches is usually chosen for studies on the feeding preferences of A. japonicus. However, to our knowledge, no previous sea cucumber feeding preference study has compared the mass budget and stable isotopic ap proaches within the same experiment to determine the more suitable approach to address this issue. Furthermore, due to the conservative fractionation (0−1 ‰) of carbon stable isotopes between consumers and their diets, the carbon stable isotope value (δ 13 C) is commonly applied to trace the food sources of consumers (Peterson & Fry 1987 , Hobson & Welch 1992 , McCutchan et al. 2003 . Theoretically, SIA of both carbon and nitrogen elements would improve analysis efficiency; however, in this study, we only considered δ 13 C. The stable isotope mixing model is usually adopted to deal with food source contribution problems. In this model, δ
13
C values are used to calculate the carbon contributing proportions (C_con; %) of diet sources to consumers, and combined with carbon contents to derive the mass contributing proportions of sources. However, when calculating the mass contributing proportions based on C_con, an important assumption is usually made in this model: the equivalent absorption rates of all carbon sources (Phillips & Koch 2002) ; however, this assumption is probably invalid due to biochemical differences among various food sources (Song et al. 2017 ). Thus, we only used δ
C values to calculate the C_con and the carbon preference by SIA, which was used to represent the feeding preference of A. japonicus. Previous feeding preference studies of sea cucumbers have relied on the mass budget parameters , Guo et al. 2011 , Song et al. 2017 . In order to make the 2 approaches comparable, the carbon amounts, replacing the total matter masses, of diet ingredients, feces, and sea cucumbers were adopted to modify the mass budget parameters in this research, i.e. the carbon budget approach. It should be particularly emphasized that the C_con cannot directly reveal the carbon preferences of sea cucumber, because the total carbon amounts of different ingredients in the same diet were unequal. Therefore, it is necessary to introduce a new index, combing the C_con and carbon content information, to compare the feeding preferences of A. japonicus to ingredient carbon in the same quantity.
Within the process of sea cucumber digestion and nutrient absorption, the carbon isotope value shift from diet ingredients to the animal is attributed to carbon fractionation, i.e. the ratio redistribution of 12 C and 13 C between carbon absorbed and remaining led by the reaction velocity difference of the 2 carbon isotopes. At the start of the digestion period of a certain diet ingredient, the ratio of 12 C and 13 C is at its highest because the fractionation effect drives the initial 12 C and 13 C ratio of food digested at a higher rate than in any of the following periods. Therefore, it is possible to determine carbon isotope value shifts during digestion using the carbon absorption rates of food sources (Fry 2006) . The carbon isotope fractionation factor of sea cucumbers was usually defaulted to remain unchanged in determining food contributing proportions by carbon stable isotope analysis (Gao et al. 2011 , Xia et al. 2015 , Yu et al. 2015 , which suggested fixed carbon absorption rates of sea cucumber. In the present study, the relatively precise C_con resolutions and fixed absorption rates of A. japonicus for the 3 diet ingredients were used to propose a new approach to calculate the C_con of these ingredients.
The macroalga Chaetomorpha linum, the eelgrass Zostera marina, and muddy sediment were mixed as food sources of sea cucumbers in the present study. Zostera species are widely distributed seagrasses in the near-shore waters of northern China; their meadows can produce large amounts of seagrass leaf litter and detritus , Xu et al. 2018 . In recent years, with coastal water eutrophication, the explosive growth of C. linum has led to many 'green tide blooms' and has caused serious environmental problems in northern China (Han & Liu 2014 , Zhang et al. 2014 . Z. marina detritus is a reported food source of A. japonicus , and our previous research has indicated that C. linum may be a better diet ingredient to fulfill the nutrition demands of A. japonicus than Z. marina detritus (Song et al. 2017) .
In the present study, Z. marina detritus, C. linum, and muddy sediment were mixed in different dry weight proportions to manufacture 5 experimental diets. The growth, feed utilization, and energy budgets of A. japonicus fed these different diets are presented in another publication stemming from the same experiment (Song et al. 2017) . In order to test the feeding preference of A. japonicus to these diet sources, the carbon feeding budget of various diet treatments and relative parameters, such as carbon specific growth rate (SGR C ) and food carbon conversation efficiency (FCE C ), were obtained by traditional carbon budget approaches. Carbon stable isotope analysis was then applied to quantify the feeding preference of sea cucumbers for the above 3 diet ingredients. Furthermore, a new index was constructed to describe sea cucumber feeding preference based on food source contribution results obtained from carbon SIA. This research can improve knowledge of the digestive capacity and nutritional requirements of a culture species.
MATERIALS AND METHODS

Experimental design and implementation
The experiment was carried out in the laboratory at the Institute of Oceanology, Chinese Academy of Sciences, Qingdao, PR China, from 5 December 2015 to 4 February 2016. Sea cucumbers were collected from Swan Lake, Weihai, on 19 November 2015 when the water temperature was 13.5°C. Prior to the initiation of the experiment, sea cucumbers were acclimated for 2 wk to allow them to adapt to the culture conditions, and Sargassum thunbergii and muddy sediment (dry weight mixed ratio of 40:60) diet was provided as feed during acclimation. The sea cucumbers were acclimated under experimental conditions for 2 wk. After 2 d of starvation, 60 Apostichopus japonicus with initial wet body weights of 10.45 ± 0.35 g (mean ± SD) were randomly selected and allocated into 20 plastic tanks (50 × 40 × 30 cm; 60 l), such that each tank contained 3 sea cucumbers. The 20 tanks were divided into 5 treatments, and each treatment included 4 tanks. The 12 A. japonicus cultured in the 4 tanks within each treatment were offered the same diets as replicates. Tank aeration was continuous, and a third of the water volume in each tank was changed daily at 09:00 h. The culture temperature, pH, and salinity were 16 ± 0.5°C, 7.8−8.2, and 30−32 psu, respectively; the dissolved oxygen was maintained above 5.0 mg l
, and the photoperiod was 12:12 h (light:dark) with light intensities of 200 and 0 lux, respectively. A. japonicus were fed once a day at 10:00 h, and dietary intake was monitored to ensure that the experimental animals always had an excess of food available. The experiment was carried out for 60 d when the sea cucumbers completed the carbon isotope turnover after diet-switching (Sun et al. 2012 ).
Formulation of diets
Five mixed diet treatments were used in this experiment. All diets contained a fixed amount of muddy sediment (60% in dry weight), which is an essential food source of sea cucumbers in their natural environment (Slater & Jeffs 2010) . The diets also contained different proportions of Zostera marina detritus and Chaetomorpha linum (Table 1 , data presented in Song et al. 2017 ).
Fresh C. linum used in this experiment was collected from Swan Lake (37°21' N, 122°34' E), Shandong, China. Z. marina detritus was the fallen and withered autumn leaves collected from the seashore of Swan Lake. Muddy sediment was collected from the surface of non-vegetated seafloor in the coastal area of Laizhou Bay, northern China. Diet components were dried, ground, and sieved through a 0.08 mm mesh, and the powders obtained were mixed according to treatment proportions.
Experimental sampling and measurement
The wet and dry weights of a further 10 sea cucumbers of the same size as the experimental animals were measured to estimate the initial water content of the experimental animals; accordingly, the initial dry weights of the experimental A. japonicus were calculated. Sea cucumber feces and residual food was removed and collected by siphoning the bottom of the experimental tanks once daily (at 08:00 h), and dried at 60°C for 36 h to a constant weight for further analysis. At the end of experiment, the sea cucumbers were weighed and dissected after a final starvation period of 2 d to ensure complete emptying of the intestine. Residual food, sea cucumbers, and feces from each container were gathered separately. All collected samples were dried at 60°C for 36 h to obtain their dry weights, and then ground to fine powders.
The carbon contents and stable isotope ratios of feed ingredients, feces, and sea cucumbers were determined using an elemental analyzer (PE2400 Series II, PerkinElmer) coupled with an isotope ratio mass spectrometer (IRMS, Thermo Fisher Scientific; MAT 253). After acidification treatment to remove inorganic carbon, sample powders were ignited at 950°C, and organic carbon was transformed to CO 2 , which was measured as carbon content by the thermal conductivity detector in the elemental analyzer. The ratio of 13 C: 12 C in CO 2 was then measured by the IRMS. Results of isotope ratios were expressed in standard δ unit notation, as follows:
where R is the 13 C: 12 C ratio. Values are reported relative to the Vienna Pee Dee Belemnite standard. A laboratory working standard (glycine) was run for every 10 samples. Analytical precision was ± 0.1 ‰. Since the proportion of muddy sediment was fixed (60%) and its carbon content was below one-tenth that of the other ingredients, the differences in diet δ 13 C values were determined by the ratios of C. linum and Z. marina.
Carbon feeding budget determination
Based on the determination of carbon contents and dry weights of dietary ingredients, feces, and sea cucumbers (see above), we calculated carbon consumed (C C , mg ind.
), feces carbon (F C , mg ind.
), and carbon absorbed (Ab C , mg ind.
, Ab C = C C − F C ), as well as the initial carbon (C 1 , mg ind.
) and final carbon weights (C 2 , mg ind.
) of sea cucumbers in each plastic container. Thus the carbon growth in weight (G C , mg ind.
) and FCE C (%) of sea cucumber samples were calculated according to the following formulas (Xia et al. 2012) :
where T is the duration time of the experiment.
Stable isotope analysis and determination of C_con
The stable isotope mixing model Stable Isotope Analysis in R (SIAR; Parnell et al. 2008 ) was applied to calculate C_con (%) of feed ingredients in different diets. Average fractionation effects of 1 ‰ for carbon isotopes were used to correct stable isotope shifts for each tropic level (Peterson & Fry 1987 , Sun et al. 2013 .
Since diets 1 and 5 were composed of only 2 sources (Table 1) , the precision of their carbon contribution proportion resolutions through carbon isotope values could be assured. However, for diets 2 to 4, accurate resolutions could not be obtained from the probability distribution results of the SIAR mixed model. In these cases, 3 unknowns were being calculated from 2 equations, and the common problems in the calculation of C_con of 3 sources to 1 consumer were encountered. Therefore, an innovative approach to resolve the carbon contributions of food sources was needed. The following equations were constructed to calculate the final carbon contribution proportion resolutions:
where a, b, and c represent the 3 ingredients of C. linum, Z. marina, and muddy sediment, respectively, and n is the number of diet treatments; f a , f b , and f c represent the absorption rates by A. japonicus of C. linum, Z. marina, and muddy sediment, respectively; When the corresponding values of diets 1 and 5 were substituted into these equations, the fixed f a /f c and f b /f c could be obtained from the 2 treatments, respectively. Finally, the known values of C_com of feed ingredients in the 5 diets, f a /f c , and f b /f c were used to determine C_con of the ingredients to sea cucumbers in diets 2 to 4.
Construction of the C_con:C_com ratio
The ratio of C_con to carbon C_com (R C_con:C_com ) of the feed ingredients in the 5 diets was constructed as a novel index to measure the relative preference of A. japonicus to different diet ingredients.
This index revealed a C_con of 1% carbon from a food source in mixed diets, considering the influence of the carbon content of the food source to its carbon contribution.
In order to compare the feeding preferences of A. japonicus for C. linum, Z. marina, and muddy sediment, we calculated R C_con:C_com for C. linum to Z. marina, muddy sediment to C. linum, and muddy sediment to Z. marina.
Statistical analyses
Prior to statistical analysis, data were examined for normality of distribution and homogeneity of variance with the Kolmogorov-Smirnov test and Levene's test, respectively. The potential differences among diet treatments were tested using 1-way analysis of variance (ANOVA) followed by Tukey's multiple comparison analysis to explore the possible differences between the 5 diet treatments at the significance level of 0.05. Statistical analyses were conducted using R software 4.3 for Windows.
RESULTS
Carbon budget
The results (means ± SD) of the carbon budget are presented in Tables 2 & 3 . C C (in mg ind.
) in diet 2 (122.91 ± 7.74) and diet 3 (128.79 ± 9.47) treatments exhibited significant differences from those in diet 4 (89.30 ± 2.77) and diet 5 (88.84 ± 3.17) treatments (n = 4, ) treatments (G C : n = 4, F 14 = 16.29, p < 0.001; SGR C : n = 4, F 4,15 = 30.1, p < 0.001). FCE C in diet 1 (3.53 ± 0.38%), diet 2 (3.21 ± 0.34%), and diet 3 (2.83 ± 0.18%) showed significant differences from those in diet 4 (0.93 ± 0.15%) and diet 5 (0.51 ± 0.08%) (n = 4, F 4,15 = 30.27, p < 0.001). Table 2 . Carbon feeding budget parameters of sea cucumbers in 5 diet treatments (mean ± SD, n = 4): carbon consumption weight (Cc), carbon in feces (F C ), carbon absorbed by sea cucumber (Ab C ), carbon used for growth (G C ), where Ab C = C C − F C and G C = C 1 − C 2 (C 1 , C 2 are initial and final carbon weight); also shown are carbon specific growth rate (SGR C ) and food carbon conversion efficiency (FCE C ), Values with different letters in the same row are significantly different from each other (ANOVA and Tukey's multi-comparison; p < 0.05)
Carbon stable isotope and food contribution
The δ 13 C and organic carbon contents (means ± SD) of the sea cucumbers Apostichopus japonicus and food sources used in the experiment are presented in Tables The SIAR mixed model resolved C_con of different sources in the total carbon assimilated by the sea cucumbers in the 5 diet groups (Fig. 1) . C_con and C_com (means ± SD) of food sources are presented in Table 6 . Sea cucumbers on diet 1 used 79.03 ± 3.57% carbon from C. linum and 20.97 ± 2.43% from muddy sediment (Table 6) . In diet 5, in which C. linum was replaced by Z. marina in a mixture with muddy sediment, the proportion of carbon used from muddy sediment was 33.12 ± 3.16%, and Z. marina only provided 66.88 ± 3.72% carbon for sea cucumbers (Table 6 ).
In diet 1 to 4 treatments, C_con from C. linum significantly decreased from 79.03 ± 3.57% to 27.06 ± 2.64% (n = 4, F 3,12 = 42.16, Table 6 . Carbon contributing proportions to sea cucumbers of the 3 ingredients in 5 experimental diets (C_con; %), carbon composition percentages of the ingredients (C_com; %), and their ratios (R C_con:C_com ) of the 3 ingredients in 5 diet treatments (mean ± SD, n = 4). Table 7 . Results of ANOVA for C_com and C_con (as defined in Table 6 ) of ingredients in the 5 experimental diet treatments p < 0.001; Table 7 ), while the contribution of Z. marina significantly increased from 11.78 ± 2.06% to 44.05 ± 2.91% (n = 4, F 3,12 = 70.72, p < 0.001; Tables 6  & 7) . These 2 trends were in agreement with those of the raw material and carbon content (C_com) of C. linum (diet 2: 61.50 ± 1.96%; diet 3: 38.48 ± 1.14%; diet 4: 18.12 ± 0.50%) and Z. marina (diet 2: 27.05 ± 0.93%; diet 3: 50.77 ± 1.60%; diet 4: 71.73 ± 2.09%; Table 6 ). There were no sta tistical differences in C_con of muddy sediment among the 5 diet treatments (n = 4, F 4,15 = 3.04, p = 0.07; Table 7 ).
Ratio of carbon contribution to composition
R C_con:C_com ratios (means ± SD) of the 3 food sources are shown in Table 6 . In diet 1, R C_con:C_com of C. linum (0.90 ± 0.04) was significantly lower than that of muddy sediment (1.71 ± 0.18) (n = 4, F 1, 6 = 19.66, p < 0.05; Table 8 ). In diet 5, R C_con:C_com of Z. marina (0.74 ± 0.03) was also significantly lower than that of muddy sediment (3.45 ± 0.23) (n = 4, F 1, 6 = 146.1, p < 0.001). For diets 2−4, there were significant differences among the R C_con:C_com of C. linum, Z. marina, and muddy sediment, with the following trend: muddy sediment (diet 2: 2.02 ± 0.21; diet 3: 2.39 ± 0.19; diet 4: 2.89 ± 0.21) > C. linum (diet 2: 1.06 ± 0.04; diet 3: 1.25 ± 0.05; diet 4: 1.49 ± 0.06) > Z. marina (diet 2: 0.44 ± 0.05; diet 3: 0.51 ± 0.03; diet 4: 0.61 ± 0.03) (diet 2: n = 4, F 2, 9 = 41.26, p < 0.001; diet 3: n = 4, F 2, 9 = 67.34, p < 0.001; diet 4: n = 4, F 2, 9 = 82.65, p < 0.001; Tables 6 & 8) . These results suggested that the feeding preferences of A. japonicus for the 3 experimental ingredients also followed the same order.
DISCUSSION
In this study, both carbon budget and stable isotope analysis approaches were adopted to determine the feeding preferences of sea cucumbers within the same experiment. Results indicated that aquatic plant ingredients (Chaetomorpha linum and Zostera marina) were the main carbon sources of Apostichopus ja ponicus in the 5 treatments, and C. linum was a better food source than Z. marina. In addition, a new potential index, i.e. the ratio of carbon contribution to composition (R C_con:C_com ), was constructed to assess the feeding preferences of sea cucumbers, and results indicated that feeding preference trends of A. japonicus for the 3 ingredients was as follows: muddy sediment > C. linum > Z. marina in the 5 treatments. This research can improve knowledge of the digestive capacity and nutritional requirements of a culture species such as A. japonicus.
In the traditional carbon budget approach, the SGR C and FCE C were chosen to characterize this feeding preference, and conclusions were drawn based on the comparisons of these 2 parameters among different treatments. However, the results suggested that the carbon budget approach could not distinguish all preference differences of A. japonicus for any 2 diet treatments, such as diet 1 and diet 2 (Table 2 ). In the SIA approach, the distinct isotopic signatures of diet ingredients made the isotope analysis a relatively feasible approach to calculate C_con of ingredients to sea cucumbers and compare the preferences of A. japonicus to these diet ingredients. Compared with the carbon budget approach, the greatest advantage of SIA for determining the feeding preferences of A. japonicus was that with SIA, we could calculate and compare the feeding preferences for each treatment, rather than depending on the comparisons among different treatments. Another advantage of SIA to quantify the feeding preferences of A. japonicus was that data collection involved only measuring the carbon contents and δ
13
C values of food ingredients and tested animals; in contrast, the determination of carbon budget parameters required substantial time and labor, as feed residues and feces needed to be collected separately every day during the culture process.
The Gao et al. (2011) , who showed that A. japonicus accumulated more muddy sediment organic matter than macroalgae in diets containing a mixture of muddy sediment and macroalgae. This may be due to the fact that the highly degraded organic matter in muddy sediment is more available for sea cucumbers. Liu et al. (2009) showed that a supplement of muddy sediment in the diet of sea cucumbers enhances digestion and growth relative to pure algae powder. Despite sea cucumber preferences of carbon over muddy sediment, the addition of seaweed ingredients in diets was responsible for their markedly high carbon contents, which was almost 10-fold that of muddy sediment and could meet the demand of A. japonicus. Along with the tendency of more Z. marina and less C. linum in the diet leading to lower SGR C , the finding relating the quantitative relationship of R C_con:C_com ratios among diets supported our previous conclusion that C. linum is a better food source for A. japonicus. When discussing the application of the R C_con:C_com ratio as a standard measure of A. japonicus feeding preference, the meaning of R C_con:C_com = 1, which divides the food ingredients of the diets into 2 groups, must be further understood. For instance, in the present study, the values of R C_con:C_com of Z. marina were below 1, which meant that its C_con proportions were lower than its C_com in the diet treatments. Accordingly, the diet ingredient Z. marina could be called a 'defective contributor' to A. japonicus in this experiment. On the other hand, muddy sediment and C. linum, whose R C_con:C_com ratio exceeded 1, could be called the 'surplus contributors.' We used the isotopic mixing model SIAR to deal with the contributing proportions of 2 diet ingredients in diets 1 and 5. We made several important assumptions for that model, such as equivalent metabolic use of all carbon sources, no bacterial activity, equivalent mucus deposition on feces, and no synergistic effects among the 3 diet ingredients. In fact, the equivalent metabolic use of all carbon sources is also the foundation of the traditional carbon budget approach for determination of feeding preference. Although the impossibilities of other assumptions might unavoidably influence the validity of the isotope mixing model, the distinct isotopic signatures of diet ingredients counteracted these influences to a certain extent.
Furthermore, the absorption rate approach, rather than mixing models, was preferred to determine the contributing proportions of 3 food sources in diets 2−4. As mentioned earlier, this approach was based on the hypothesis that absorption factors of sea cucumbers with regard to the 3 ingredients remain similar even under diverse carbon ingestion and growth statuses. It is essential to note that this hypothesis, which agreed with the unchanged carbon fractionation factor (1 ‰) in the present experiment, is also one of the preconditions of the mixed models and the method to calculate theoretical 13 C values of sea cucumbers (Peterson & Fry 1987 , Hobson & Welch 1992 . Further studies investigating the variations in carbon absorption rates and stable isotope fractionation factors among A. japonicus are needed to better understand its food utilization.
In conclusion, SIA was demonstrated to be a better method for determining the feeding preference of the sea cucumber A. japonicus compared with the carbon budget approach. In addition, a new index, the R C_con:C_com ratio, based on carbon SIA was created to measure the feeding preference for different diet ingredients. Our work will be helpful for more efficient and accurate design and evaluation of food ingredients in the development of artificial feed for A. japonicus. Theoretically, the index R C_con:C_com is equally applicable to other experimental species for the widespread adoption of the carbon stable isotope technique in diet source preference analysis.
